Introduction
The + thalassemias are the commonest known genetic disorder of humans 1 , a situation that probably reflects a selective advantage against death from malaria. However, to date, the protection they afford against severe and fatal falciparum malaria has been investigated in only two studies, and these have yielded conflicting results 2, 3 . Here we describe a large case-control study in which we have found that both heterozygous and homozygous + thalassemia are associated with a reduced risk of both severe and fatal falciparum malaria in children living on the coast of Kenya.
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Study Design

Severe malaria cases and controls
The study was conducted in Kilifi District where the population are predominantly rural dwellers of the Mijikenda ethno-linguistic group. The epidemiology and clinical characteristics of malaria in the study area have been described in detail previously 4, 5 .
Cases were children with clinical features of severe falciparum malaria who were admitted to the high-dependency unit (HDU) at Kilifi District Hospital (KDH), Kenya, 
Laboratory methods
A range of routine hematological and biochemical data are collected on all children admitted to the HDU at KDH, and malaria parasite densities are determined by standard methods as described previously 8 . Cases and controls were typed for the common African 3.7kb -globin deletion by PCR as described previously 9 
Statistical analysis
Categorical data were analyzed by the 2 -square test for trend, and numerical data were compared by ANOVA. We determined the odds ratios (ORs) for severe malaria, severe malaria sub-groups, and in-patient death, by + thalassemia genotype, using logistic regression, with and without adjustment for Mijikenda ethnic sub-group, age, and sex.
Results and discussion
Our study included 655 cases and 648 controls. The + thalassemia gene frequencies in cases and controls, and the presenting characteristics of cases, are summarized in Table   1 . The prevalence of both heterozygous and homozygous + thalassemia was significantly lower in cases than controls, the lowest ORs being seen for homozygosity in children presenting with the syndromes associated with the highest risk of mortality in our population -symptomatic SMA 10 , and deep-breathing with coma 6 (Table 2) .
Although admission hemoglobin concentrations were similar between genotypic groups
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At the same time as showing an association between both homozygous and heterozygous + thalassemia and protection from severe falciparum disease, we also found evidence for a protective association against death from malaria: among children with severe malaria, admitted to our HDU on the basis of strictly-defined clinical criteria, the risk of death in hospital was 40% lower in heterozygotes, and >60% lower in homozygotes than in normal children (Table 2) . Furthermore, among fatal cases, severe acidosis (base deficit >15) at admission was less common in homozygotes (1/7; 14%), than in either normals (17/33; 51%) or heterozygotes (14/32; 44%), although this trend did not reach statistical significance ( 2 =3.5; P=0.19).
The genotypic pattern of protection seen in our study is similar to that seen in Papua New Guinea, where protection was greatest for anemia and acidosis 2 ; however, in the latter study, protection did not reach significance in heterozyogotes, and in-hospital mortality was too low (15/433; 3.5%) to detect a between-genotype difference 2 . Our observations do not, however, accord with those from Ghana 3 , where protection was seen in heterozygotes (OR 0.74; 0.56-0.98; p=0.03), but not in homozygotes (OR not reported), and where no protection was seen against in-hospital death despite a mortality rate (11% 3 ) comparable with that seen in our study. These discrepancies may well be attributable to statistical considerations, and explicable on the basis of the greater power of the current than previous studies to detect significant differences;
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All three adopted a case-control design, an approach that is justified on the grounds that severe P. falciparum malaria is a relatively rare outcome, affecting, for example, only around 10% of 1-5 year olds in the Kilifi study area. Although case control studies are open to problems of bias and confounding, we believe that it is unlikely that our results have been affected by such problems for several reasons. More than 95% of residents of the Kilifi study area are of Mijikenda ancestry. Although this Bantu population can be categorized into three main sub-groups -Giriama, Chonyi and Kauma -we have detected no significant differences in the allele frequencies between these groups in extensive surveys of >4,000 children (TNW unpublished data). Moreover, we adjusted for these ethnic subgroups in our logistic regression analysis, an exercise that made no material difference to our results. Finally, our controls were frequency matched on location, through our population database, and our analysis was further adjusted for age. Nevertheless, despite these considerations, we cannot exclude the possibility that unknown biases may have affected our study, which should ideally be replicated using an alternative design such as a family-based or prospective cohort approach.
So, what can such studies tell us about the mechanism by which + thalassemia affords malaria protection? A number have been proposed, including reduced parasite growth and invasion 13 , increased phagocytosis of infected red blood cells 13 , altered surface antigen expression, potentially augmenting immunological clearance 14, 15 , and decreased parasite rosetting 16 ; nevertheless, for these to be relevant, they must be compatible with observations from epidemiological studies conducted under conditions of natural malaria transmission. The fact that, in keeping with all previous observations made in vivo 2,3,17-20 , we found no effect at the level of parasite density, makes it unlikely that
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Severe and fatal malaria results from a range of inter-related pathophysiological processes that affect multiple organ systems 6 . These processes are thought to include the local and systemic release of various cytokines, anemia, decreased red cell deformability and adhesion phenomena such as sequestration and rosetting [21] [22] [23] [24] , and the clinical features of severe malaria (such as coma, acidosis and hypovolemic shock), likely reflect the balance of such processes within any individual patient 25 . The fact that + thalassemia protects against a range of clinical manifestations of severe malaria suggests that it does so through a mechanism that is central to many of these processes.
In this regard, results from a recent study are particularly intriguing. In an extension of the previous study in Papua New Guinea 2 , Cockburn and colleagues, made two related observations: first, that a promoter polymorphism of red cell complement receptor 1 (CR1), an important receptor for rosetting, was significantly associated with protection from severe falciparum malaria; and, second, that + thalassemia was independently associated with the reduced expression of red cell CR1. These observations support the earlier work of Carlson 16 , who suggested that a number of the hemoglobinopathies might protect against severe malaria by reducing the ability of red cells to form rosettes.
Further work will be required to explore these potentially important observations.
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